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ABSTRACT: Flexible polycyclic aromatic hydrocarbons (PAHs) have experienced a surge of research with the discovery of
nanographenes that can be fabricated on surfaces. The flexibility in ¢ bonds within aromatic compounds is carefully managed in
order to induce particular binding configurations on a surface that are capable of undergoing cyclodehydrogenation reactions or
exhibit unique material functionalities. The structure of adsorbed organic molecules is essential to the design of thin films of
these compounds. Highly localized chemical effects must be considered due to sensitivity to defects or amorphous character
that destroys the useful properties of the film. Here, ultrahigh vacuum (UHV) scanning tunneling microscopy (STM) and tip-
enhanced Raman spectroscopy (TERS) have been used to characterize the self-assembly of rubrene on Ag(100). Through
comparison with time-dependent density functional theory simulations, the configuration and orientation of rubrene molecules

on the surface are defined with angstrom scale resolution.

B INTRODUCTION

Thin films of organic molecules on surfaces offer the means to
develop new devices with exotic properties via the self-
assembly of molecules on surfaces.' Crucially, these methods
depend upon an understanding of the mechanisms and forces
that drive the formation of supramolecular structures.” In the
case of soft organic compounds, flexibility of the molecular
entities complicates the viability of the system and the growth
of self-assembled layers.” This is especially true in the case of
rubrene (S5,6,11,12-tetraphenyltetracene), where the charge
carrier properties of semiconductor single crystals of rubrene
depend upon the degree of molecular order. Rubrene is the
organic semiconductor with the highest carrier mobility, but
this only occurs when the molecules are highly organized and
adopt planar configurations in the crystal phase.* As a result,
identification and characterization of the configurations of

-4 ACS Publications  © 2019 American Chemical Society

organic molecules on a surface are critical to the design of
these devices.

Scanning tunneling microscopy (STM) combined with tip-
enhanced Raman spectroscopy (TERS) has been proven as an
analytical technique to fully characterize molecular systems at
interfaces with spatial resolution at the subnanoscale.””* When
flexible molecules can adopt different configurations even
within one self-assembly, spectroscopic characterization of
each individual species requires angstrom scale resolution. The
plasmonic tip enhancement of TERS results in a highly
localized field that strongly enhances the near field signal,
allowing systems to be probed spectroscopically well below the
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diffraction limit.”~"* This spatial resolution combined with the

sensitivity of Raman spectroscopy to intermolecular inter-
actions and binding configurations can be used to effectively
and uniquely characterize the self-assembly of organic
molecules on surfaces.">™*¢ Here, we demonstrate TERS
fingerprints for a two-dimensional phase segregation between
two adjacent binding configurations of rubrene molecules with
5 A resolution. Through comparisons of TERS fingerprints
with simulated spectra, which were built with consideration for
the flexibility in the molecular structure, the orientation of
molecules can be defined.'” ™'

Rubrene is a red colored polycyclic aromatic hydrocarbon
commonly used in organic light-emitting diodes (OLEDs) and
organic field-effect transistors.”> These applications depend
critically upon the ability to grow well-ordered crystalline thin
films.”” Previous studies of rubrene thin films have found a
tendency toward amorphous structures, which has been
attributed to its ability to adopt multiple orientations.”*™**
In this study, we have applied ultrahigh vacaum (UHV) STM-
TERS to the study of rubrene on a Ag(100) substrate,
revealing four stable binding configurations and characterizing
the molecule—molecule and molecule—substrate interactions
that determine its self-assembly with spatial resolution that
allows the discrimination of individual adjacent molecules.

B EXPERIMENTAL AND THEORETICAL METHODS

Experiments took place in a variable temperature STM system
(Unisoku) under ultrahigh vacuum at a base pressure of 8.0 X
107" Torr. The Ag(100) single crystal (Princeton Scientific,
99.999% purity) was prepared in a preparation chamber with a
base pressure of 1.0 X 107'° Torr. The Ag(100) substrate was
cleaned by cycles of argon sputtering and indirect thermal
annealing to 800 K. The rubrene molecules were purchased
from Sigma-Aldrich (sublimed grade, 99.99%) and deposited
via a K-cell style molecular evaporator (175 °C) to obtain
submonolayer coverage. The sample was at room temperature
during deposition. The sample was then transferred to the
STM chamber for STM imaging and TERS experiments.
These experiments all took place at liquid nitrogen temper-
atures (78 K). The STM was operated in constant current
mode with the bias applied to the sample with respect to the
grounded tip. Electrochemically etched Ag tips were used for
STM imaging and TERS experiments. Gwyddion was used for
STM image processing.23

A 515 nm solid-state CW laser (Cobolt) polarized parallel to
the Ag tip was used as the excitation source for TERS
experiments. The optical setup has been described in detail
previously.'” Significantly, the STM chamber is equipped with
in-vacuo lenses positioned in close proximity to the tip to allow
for optimal laser spot focusing and collection efficiency. All
spectra shown have a 3 s acquisition time to minimize thermal
drift in spatial mapping experiments, while the incident laser
power was 500 yW.

In our density functional theory (DFT) simulations, we used
a four-layer slab with a (5 X S) unit cell for the Ag(100)
surface. The atoms in the top two layers were fully relaxed
while the rest of the atoms were fixed in their equilibrium
positions. The adsorption energy of a rubrene molecule on the
Ag(100) surface was determined by

Eads = E[Ag100+rubrene] - E[AglOO] - E[rubrene]

where E[xg100+rubrene] 30d E[ag100) are the total energies of the
Ag(100) surface with and without the rubrene adsorbate,
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respectively. Ejpene] is the total energy of a stand-alone
rubrene molecule. The DFT calculations were carried out
using the VASP package’® with the projector augmented wave
pseudopotentials”®”” and the Perdew—Burke—Ernzerhof gen-
eralized gradient approximation.”® An energy cutoff of 400 eV
was used for the plane-wave basis set. Only the I'-point was
considered in the Brillouin zone due to the large size of the
supercell, which had been tested to yield the converged results.
The van der Waals (vdW) interaction is described by the
semiempirical DFT-D2 scheme of Grimme,” and the Cg
coefficients of C, H, and Ag are chosen to be 1.75, 0.14, and
8124 J X nm®/mol, respectively. The force convergence
criterion for atomic relaxation is 0.01 eV/A.

The Raman spectrum, separated into Cartesian coordinates
a, was determined by the derivatives of the polarizability
tensors &,,(w) with respect to the Ith mass-weighted normal
mode Q;, which is computed on the basis of the double
harmonic approximation:

i, X

where  is the frequency of incident light, £ is the atomic
coordinate, and E;; is the eigenvector of the Ith phonon mode.
The vibrational eigenmodes of the adsorbed rubrene were
obtained in the presence of the Ag surface by solving the
eigenvalue problems of a dynamical or Hessian matrix based
on density functional perturbation theory (DFPT) calcu-
lations.”® The effect of the Ag substrate on the molecular
vibration was thus captured. We found that the adsorption of
rubrene on the Ag(100) is physisorption due to the vdW
interaction and thus the effect of the Ag surface on the
electronic structure of rubrene is negligible. Therefore, the
polarizabilities of rubrene can be computed without the
presence of the Ag substrate. The derivatives of polarizability,
d@,q(w)/dE, of the rubrene under its adsorbed configuration
were then calculated by employing our recently developed
time—de3pendent density functional theory (TDDFT) ap-
proach.”’ The frequency @ was chosen to be close to the
most red adsorption peak of rubrene at 526 nm which is
consistent with experiments.n_%4

-
o)

FE

B RESULTS AND DISCUSSION

Scanning Tunneling Microscopy. The self-assembly that
results from the deposition of rubrene onto a Ag(100)
substrate at room temperature was visualized via STM imaging.
Previous research by Pivetta et al. found that rubrene on
Ag(100) forms close-packed arrangements, with coverage
dependent supramolecular assemblies observed on other
surfaces.”> Our STM results show similar close-packed self-
assembled islands, but in contrast we observed diversity in the
self-assembled structures formed on Ag(100). As seen in
Figure 1, there is evidence for two different types of molecular
islands as well as molecular chains.

The structure of rubrene is well-known to exhibit flexibility,
with two distinct and very different conformations possible
depending on its local chemical environment. The tetracene
backbone can be twisted (fully relaxed) or planar (con-
strained), with DFT calculations predicting that the twisted
conformation is more favorable for an isolated molecule.”*
Current interpretations of the configurations of rubrene on
surfaces rely upon STM to observe supramolecular assem-
blies***” or surface spectroscopic techniques, such as near edge
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Figure 1. (a) Zoomed-out STM image of the self-assembly of rubrene
on the Ag(100) substrate where the three different types of self-
assembly are visible. Scale bar represents S0 nm. (b) Zoomed-in STM
image of the dimmer A island, where intramolecular resolution is
evident. (c) Zoomed-in STM image of the dimeric chain assembly (U
= +1V, I =100 pA). (d) Zoomed-in STM image of the brighter B
island. (e) Chemical structure of the rubrene model with tetracene
backbone and substituent phenyl groups. Conditions for all of the
STM images were U = +1 V, I = 100 pA. In the case of zoomed-in
images the scale bar designates S nm.

X-ray absorption fine structure®® and ultraviolet photoelectron
spectroscopy.”’40 In some cases, these spectroscopic techni-
ques have revealed the presence of multiple configurations of
rubrene present on the surface. However, although these
techniques reveal these possibilities, a spatially resolved
understanding of the multiple configurations that can occur
on the surface remains elusive through these ensemble-based
measurements.

On the contrary, STM experiments can prove the presence
of different configurations of molecules with supreme spatial
resolution.””*' The self-assembly of rubrene on various
surfaces can result in complexity in the form of chiral
supramolecular aggregates’®*>** or it can form molecular
islands”**> depending upon the substrate. In the case of this
experiment, three different unique self-assemblies of rubrene
were observed to form on the Ag(100) surface with
submonolayer coverage. Figure 1b depicts a zoomed-in
image of the dimmer island visible in Figure la. This type of
molecular island will be referred to as island A. In a similar
manner, Figure 1d depicts the brighter island that appears in
the adjacent large-scale STM image, which will be referred to
as island B. Finally, Figure 1c presents the chain-like structure
that appears to spread across the substrate surface.
Significantly, over the course of scanning multiple days and
repeat preparations of this sample, these multiple assemblies
were found to occur in similar proportions, suggesting similar
stabilities on the surface.

STM experiments were used to offer a preliminary
interpretation of molecule—molecule and molecule—substrate
interactions. In the A island, intramolecular features are visible,
in agreement with previous studies of rubrene on Ag
surfaces.”’ Through comparison with the chemical structure,
shown in Figure le, it becomes possible to define a tentative
understanding of the interactions and binding configurations
that define this self-assembly. The tetracene backbone and four
phenyl groups appear to be visible in the STM imaging. The
apparent length of the tetracene backbone suggests it lies
parallel and primarily planar to the surface. Meanwhile, the
phenyl groups appear narrow with orientations more
perpendicular to the substrate. The A island is the most
densely packed and this fact taken in consideration with the
apparent molecular conformations leads to the conclusion that
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m—m and 7—H interactions are the driving forces to form this
ordered island.**

Although STM is an extremely powerful spatially resolved
surface science technique, it is not ideally suited for all
chemical systems. SPM techniques, such as STM and
noncontact atomic force microscopy (nc-AFM), excel at
visualizing planar, larger, aromatic molecules. With function-
alized tips nc-AFM has even generated images of intra-
molecular bonds, resolving internal structures of molecules, as
well as intermolecular bonds or interactions.*”*® However,
these experiments require flat molecules with stability that is
typically only available when the sample is held at temperatures
below ~15 K. STM is complicated by the fact that all of the
images are generated via a feedback loop that depends upon
tunneling electrons, ultimately revealing images of the
electronic structures of the molecules and substrate that arise
from probing the local density of states (LDOS)."” As a result,
STM imaging can sometimes have issues with resolving the
binding configuration of molecules on a surface if they are
nonplanar, smaller, or other factors prohibit resolving intra-
molecular features.

In this experiment, STM revealed unique binding config-
urations of rubrene that results in the B island and chain
supramolecular assemblies, but intramolecular resolution was
not possible. Significantly, the chains are observed to consist of
pairs of rubrene molecules perpendicular to the chain
direction. And the B island appears to consist of molecules
that are packed less densely than ones in A islands. The
molecules in the B islands and chains appear brighter than
those in the A island. However, this brightness does not
necessarily correspond with topology, as it depends upon the
LDOS as previously mentioned. The final conclusion made
from STM imaging is that the dimmer A island is bounded by
brighter molecules, perhaps implying that a lack of
intermolecular interactions results in this brighter configu-
ration. Although the spatial resolution of STM revealed the
presence of multiple configurations, another technique was
required to properly identify the configuration and orientation
that rubrene adopts on the Ag(100) surface.

Tip-Enhanced Raman Spectroscopy. Studies of rubrene
on surfaces are commonly combined with a spectroscopic
technique that assists in the interpretation of the STM results.
Critically, these spectroscopic methods typically have far less
spatial resolution than STM, resulting in the convolution of
multiple configurations in the spectra.”® An ideal solution
allows for spectra to be acquired with spatial resolution on par
with STM imaging. In this experiment, we supplement our
initial STM-based interpretation with TERS. As a result of the
extremely localized enhanced electromagnetic field generated
at the tip apex, Raman signal of a single molecule becomes
possible,”**~>' and with certain systems, intramolecular
resolution has been proven with imaging resolved at the
Angstrom level.>**® In this manner, the tandem technique of
STM-TERS presents as an ideal method to characterize the
multiple configurations of rubrene found in our experiment.”*

TERS spectra revealed vibrational fingerprints for each
supramolecular structure of rubrene observed with STM.
Figure 2 depicts representative spectra obtained for A islands,
B islands, and chains. The fingerprints for B islands and chains
appear remarkably similar. Comparison of the spectra for B
islands and chains also confirms the initial conclusion that
rubrene molecules adopt similar configurations in B islands
and chains, which was made from STM, based upon the similar
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Figure 2. TERS spectra of the various assemblies of rubrene on the
Ag(100) substrate. Each spectral fingerprint is labeled with the
appropriate self-assembly. The TERS enhancement is denoted with
the scale bar in the top left corner.

brightnesses of the rubrene molecules found in these two self-
assemblies. Due to the reduced signal in the spectra for an A
island, it is expected that the rubrene molecules within an A
island adopt a more planar configuration with the tetracene
backbone parallel to the metal surface,”° which was an earlier
assumption based upon STM imaging. Beyond the overall
reduced intensity, the notably different spectrum for the
dimmer A island corroborates the assesment that the
molecules adopt a significantly different configuration in this
island.

The spatial resolution of TERS allows for the identification
of multiple orientations within one self-assembly. In Figure la
there is an outline of bright molecules surrounding the dimmer
A island at its boundary. Furthermore, an STM line profile
across this boundary compared to a profile of molecules in a
chain is presented in Figure S1. A TERS line profile permits a
better understanding of the configuration of the rubrene
molecules that surround the A island. The results of this
experiment are represented below in Figure 3. The first part of
this figure shows an STM image with both an A island and a B
island. In order to characterize the brighter boundary of the A
island a line of sequential spectra were acquired across the
boundary from the bare Ag substrate to the dimmer molecules
in the A island. The distance between points was chosen to be
5.6 A in order to capture the fingerprint corresponding to the
edge of the A island. A waterfall plot of these spectra appears in
Figure 3b, with representative spectra of the different
categories below in Figure 3d. Notably, the bare Ag substrate
reveals no signal. Additionally, representative tip engaged and
tip retracted spectra are presented in Figure S2, to confirm the
tip remains clean and uncontaminated during the course of
experiments. As the tip progresses over the boundary, a
vibrational fingerprint is obtained that is markedly similar to
the spectra obtained for B island and chains. Proceeding
toward the middle of the island, this signal is immediately
replaced by the A island signal that appears in Figure 2. In
order to track this change, we fit the peak located at 1311
cm™!, which is the most notable peak for a rubrene molecule in
a B island or chain, and plotted its area against the lateral
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Figure 3. (a) STM image of an A island and B island adjacent to each
other. The bright boundary of molecules surrounding the A island is
apparent. The arrow denotes the direction and location of the TERS
line profile that was acquired ranging from the bare Ag substrate to an
A island. The scale bar represents 10 nm (U = +1 V, I = 100 pA). (b)
Waterfall plot representing the spectra acquired for the line profile.
(c) Line profile of the area of the peak at 1311 cm™. The relevant
section of the line profile has been chosen to highlight the intensity at
the boundary of the A island. (d) Representative spectra of the clean
Ag substrate where no signal was observed, the fingerprint from the
edge of the A island, and a spectrum from the middle of the A island.
These are selected spectra from the line profile.

distance of the tip. This plot appears in Figure 3c. The area of
this peak revealed the spatial resolution of TERS to be S A,
identifying different binding configurations of rubrene that are
directly adjacent to each other on the surface. Additional
methods of calculating the spatial resolution of TERS are
included in the Supporting Information appearing in Figure S3
alongside an STM line profile showing the apparent size of a
rubrene molecule at the boundary as observed with STM.

In order to fully understand the TERS fingerprints of
rubrene and assign the binding configurations of the molecules
on the surface, we resorted to TDDFT calculations. We first
performed DFT simulations to obtain the energetically stable
structures of rubrene on the Ag(100) surface based on
speculated configurations. Then, we computed the spectra of
these configurations, which we compared to the positions and
relative intensities of vibrational modes found in the
experimental spectra. Multiple expected binding configurations
and orientations were used in these preliminary steps in order
to find the best match between the calculated spectrum and
the experimental data. The successful attempts appear in
Figures 4 and S, while other attempts are included in the
Supporting Information in Figure S4. The binding config-
uration can thus be obtained by matching the experimental
spectra. We begin with the A island assembly, where a planar
configuration is expected on the basis of initial interpretations.
The simulated spectrum separated into x-, y-, and z-
components compared to the experimental TERS spectrum
appears in Figure 4 alongside the calculated binding
configuration that yields the simulated spectrum. The Raman
spectrum is separated into these components on the basis of
the expected effects of the selection rules of surface-enhanced
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A island with the simulated Raman spectrum separated into the
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configuration of rubrene that yielded the calculated spectrum through
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Figure S. (a) Comparison of the experimental TERS spectrum of B
islands and chains with the simulated Raman spectrum separated into
the different Cartesian coordinates. Side view of the perpendicular
binding configuration of rubrene that yielded the calculated spectrum
through the (b) y-direction and (c) x-direction. The silver, brown,
and white spheres represent Ag, C, and H atoms, respectively.

Raman spectroscopy. The vibrational modes that are
perpendicular to the metal surface and 6para11e1 with the
enhanced near-field are most enhanced.”>>® This means that
the z-component is expected to match experimental TERS
spectra. The calculated vibrational modes are presented in
Figure SS. The adsorption energy is 4.58 eV per rubrene
molecule. Since the charge transfer between rubrene and
Ag(100) is negligible, the vdW interaction is responsible for
such binding. Significantly, as expected on the basis of
selection rules, the z-component of the calculated spectrum
most closely matches the experimental spectrum, reproducing
the three major peaks (around 1000 cm™) of the experimental
spectrum well. TERS results combined with TDDFT
simulations defines the molecular binding structure in three-
dimensions. Figure 4b,c describes the orientation and
configuration of rubrene on the surface, revealing a slight
pinch in the middle of the tetracene backbone resulting in the
terminal ends tilting toward the substrate. Meanwhile, the
phenyl groups are rotated about their o bonds allowing for
strong intermolecular interactions and dense packing, stabiliz-
ing the assembly, as observed on other surfaces previously by
other groups.**

In contrast to the A islands, the rubrene molecules in B
islands, chains, and even the boundaries of A islands lacked
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intramolecular resolution, appearing as orb-like shapes with
similar vibrational fingerprints according to STM imaging and
TERS. STM imaging suggests that the absence of intermo-
lecular interactions contributes to this difference. In chains and
at boundaries of A islands, the rubrene molecules interact as
pairs primarily, where the opposite side of the molecule
experiences minimal intermolecular interactions as it is
typically bounded by bare substrate. As a result of this lack
of intermolecular interaction, the rubrene molecules adopt a
new orientation on the surface that has a different vibrational
fingerprint compared against the planar flat orientation.
Through simulations we can define this new orientation as
well as the vibrational modes that result in the spectrum. These
vibrational modes are depicted in Figure S6. Figure S presents
a comparison of a representative spectrum from B islands and
chains with a TDDFT determined spectrum of a rubrene
molecule that adsorbs in an upright orientation. Again, the z-
component of the simulated spectrum reproduces the major
peaks of the experimental TERS results well. The adsorption
energy is 2.02 eV per rubrene molecule which means that the
perpendicular binding configuration is energetically less stable
than the planar configuration. In this case, the perpendicular
orientation is stabilized by interactions between the phenyl
groups of two adjacent rubrene molecules, a similar structure
and orientation that has been observed for rubrene and similar
molecules on some surfaces, depending upon the strength of
interactions between the molecule and the substrate.”"’
Ultimately, the intermolecular interactions play a critical role in
determining the orientation and binding configurations of
rubrene on the surface.

B CONCLUSION

In conclusion, the multiple configurations of rubrene on a
Ag(100) surface have been characterized by STM and TERS in
combination with TDDFT simulations. Our STM images show
a variety of molecular superstructures: bright islands, dim
islands, and chains. These various assemblies can be
distinguished by the intermolecular interactions and the
adsorption configurations of rubrene on the surface. The
planar configuration exists within molecular islands on the
surface, but at the boundaries rubrene was found to adopt a
perpendicular orientation. The vibrational fingerprints ob-
tained with TERS showed a crucial sensitivity to the binding
configurations and orientations that rubrene adopts on the
surface. Thus, the spatial resolution of TERS allowed the
unambiguous characterization of this unique self-assembly
quality. In the case of flexible polycyclic aromatic hydro-
carbons, the growth of thin films and crystalline materials
depends upon an understanding of the local chemical effects
and intermolecular interactions that may result in amorphous
character even at the smallest scales. TERS is sensitive to these
highly localized factors that are critical to device fabrication
through methods of bottom-up assembly.
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